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.This report contains. jtreviewv ofxuitraviolet Cbm1munication sys-
tems dleveiloped 60Px'2 Ahe% pari60ll92Orto l9~. Si~uiý6odf-radliation
used In thcse~systems-wr 6rbonývircs, low p're'ssu-re- mercu-ryarc
lamps, g, 'ilum-amps, and--nlitrge-n fihile tbos, -Receivers,,worje,ln
most casg,- nmultiplier:phototufhes;, howev'er a fluorescent telescope
ajid mhetasc'opes were~aiso .used. *Several- ot~f tse-systebi~ad most

o.terdatio "6oe6trated -In the 2,53GA mercu~ry- line, w>rcglon
wvhei'e the atmospheric attenation -is, very -higim. Others- attemptPO
only to limit the radiation1 'ýP;,hc -1nvisibl e portion of the ultraviolet
spectrizi~j Ie., belowaliaut, 3500A. None of the~systemiis vweie report-
ed to 140 wbrk6d well dluring dayliOlt- operatoions.

Data~oii tjio transmission of bhe atinospliere in the ultraviolet.
r'egion ahn4 tin 'lilters, seurc6,,a'and roceivefs are included.

A communication syistem for directional' or beacon operatiow
during dailight or nighttime w~ith at~leask a4O;-niie-ingeon1 an, a'v*
eiuge dy is conside~ed fj~sible. boireod-samcu-
xenoji arc lamp Qr a-nitrogen filled'tube. lifiproc'cd-slignal4o-noist;
ratio w ill be ob 'tained If thie sour~cbls pnaled. The re~elyer would
uae t minuftiptId"photd~tube with'an irttrference type filter,

PROBlLEM STATUS

This is a sy:vey of the~prvsents.tatb o!fthe'adi on one phase (if
this problem; wo.-k-is eni~nuing onlo'ý._ pha~ses.

,1JTHOEUZATION

Z43ni'acript urnitld October Z9, 1-563.
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A SURVEY O F ULTRAVlO LET COMM UNICATION SYSTEMS
Urclassif~d Title'

INTRODUCTION,

When dealing with problems, 'in the ultraviolet region, su~ch as the use of ultraviolet
x wduuiav I've communication, It is convenient to have assembled In one docunien~information
for malting preliminavý evaluations. This document attempts to provide tilts;function ai"'
eoiitains daita onl atmosp~heric transmission, filter materials, sources, and-receivers mainly
for the middle 'and near ultraviolet regions.

SULccejting rcpurts will p~resent experimental data obtained during various atniosplierin
conditirnsi with equipment designed to inip~uve thie sigiA.-to-noise ratio of signals trans-
mnitted in the ultravlolct region.

ATMOSPH ERIC TRANSMISSION

The selection of a system call be started by exaniininAhe dt.,nuation of the atmosphere
and ruling out those wavelengihs which ari! obviously unsatisfaziory.

Energy radiated from a point sour~ce is diminished in twvo wvays ,3 It is propagated
through the atmosphere. Tiic-irraidance varies inversply as the square of the distance
from the source due to the spreading and Is exponentially attenuated wvlth~distance becadac
of ahsorption and scatteringr. Thus

R2

where I10 is the irradlance of the source, R is the range, iIis the irradiance at a1 distance
R, and , Is the attenuation coefficienit.

In order to lhavo a complete coverage of iho processes of atmospheric. transmission one
r1,4hjt Matrt by examining the transmission of aplerfectly clear atml6'sphere. W!ih a perfectly
clear atmosphere the visual rao'gt Is not infinite because of scattering by the gas molecules
In tfie aimosphiere. This effect Is called Rayleigh scatteringr and can be expressed mathe-
matically byi the equati')n

no 1)2 (2)

where is the attenuation coefficient, n is the number-of particles per cm3 at STP, and
*is the index of refraction. A typical value of n Is 2.568 1019 at 760 mim lig and I5'C

(-) i i fo. dry air can be found from tables tz) and is the order of 2700 lO1-7 A plot
of Eq. (2) for wavelengths from 2000A to 9000A is shown In Fr,. 1.

Me corological visual rangc has been defined as

CONFIDEN TIAL1
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Fig. 1I Rayleigh scattering in pure
O'l air at STP

W4 4W .0 '00 Tf 6100 0

where C Is the brightness contrast- as-defleed,:y the expression

in wh~ich D. ls-tLe brightnes -of~th&tbacl un.iid-pn.n 0~dB -p-thp-brightl a~- ~-~ W~-o"41
cjuestion. , t can be seen fro'm Eq. -(S) thvat-C i r'elate~d to the vistal-rang6 lý

A value of 0.02 has been otsea by many workers as-a standard for -ttie'byghtnes s contrabt
Whvin the value 0.02 is substituted in Eq. (3) the visibility equation becomes V. 3.9~12/o.

'"he visual range with a rperteptly clear atmosphere can now be obtained from Eq. (3)
using'~he attenuation value from Fig. 1 at, a waveikiigt of:5500A. The vismal~rango In fouInd
to-be 3lSkni or about 170 naut:call miles over-a horizontal path at stanidard atnmospherid
conditions, T tes.t calculations have been made to show ihl-Athe Jactors other thaanmolecular
scattering Ilinit-Alie range It all wave-Ilengths even under Ideal conditions, bince ranges of
tlw order of 170-milles aice not. normal. In xrea~ktinispherei, scattering by haze-is thc-pro-
dominant atte.awiting wecha~ism In the visible specti om.

An Indica1tIon o' actua~l vtua daylight -anges realizable wIth different atanespherlc -

conditions ws given in Table,1. The, ode used, which is-.roughly a geometric progression,
was-Ielr rnathy years the InterntiULnal Seclde-vf VisIbi1lty. Colummi 14) aid. (5) were added
fo' reference.

In order to relate tho-nuolberi, in 'fable I to the attenuation constant, consider the uaue
of a hazy day where- the vslbl'ly is I to2 milesa (code 2Qo, or 5). The corrcspwiding



CONFIDENTIAL NAVAL RESEARCH:LABORATORY 3

cl 0 0a

o0 00 c) m o

- CD0 Lo CDl '-1

Il N

0 0cl

C;

~~~.~ o teS S S ;

I~~~~C a4,C DI)C

CO C' ' C -C4C) '-

w Z:

Q 0

o~ ~ to L- CC Cc4 o
Uz V . C

CON 1 2 __ __ __ __ __ __ _



4 |AVAL RESEARCH LABORAr(JRY CONFIDENTIAL

attenuation constants are 0.6 _ 10" 6 /cm to 9.8 x 1O- 6 /cn, inhueh larger than the value of
63123 - ij0 6 /cm corresponding to Rayleigh scattering alone, whichwas shown above to
result b, a theoreticafl range, of 170 miles. Even on an exceptkinafly clearslay when the
visibility is 27 miles the attenuation facto- is 0.784'x 10" 6 /cm\,(compared to 0.123-' 10 6 /cm
for Rayleigh scattering),, so i- most. c.ises !Rakleigh scattering is negligible compared to
nther attenuating factors.

Equation (3) Is- based on the :ibility to, distinguish-a black-,objb[i against a uniformly
illimlnated horizon sky. Idea:lhthb object should subteid'l/2 to I deree in each dfinen-

eion. Wooded ridges aredr'quently~used as the black object, sinceoth" have a very low
reflectance ,Nnd therdfore appear black.

The nighttime viribiiity of lightsis determined by observing the,candlepower of a lamp
wht ii jdiit dlsappeare'or, alternately observiog the distance at which ai 00-candlepower
lamp Is visible. hi e••he, method at table is r'equired to-correlate the night ramge with the
daytime visibility assuming that the atmosphere was the same. Table 2, takeni from Ref. 3,
relales the day and night visual range for the ,kanieatniosphere.

Tabe 2
Comparison of Day and Night Visual Ranges

Visual Range ai Night for Lights of*,

[Dayiimo Visibiiity -- 
1 60 el)

27 yd 38 yd 53 yd 70 yd 87

55 K69 111 139 114

11o 12 204 209 347

220 226 17i 525 689

650. 451 829 1240 1690

1100 't38 '1490 1-1/3 ni 2 mi

1-1/4 ml 1140 1-1/2 mi 241/2 3.2/3

1/2 1650 2-1/2 4-2/3 7

1-1/4 mi 3-3/4 1 7-1/2 12

6-1/4 1-1/3 4-3/4 10 1i

1 12-1/2 1,-1/2 7-1/2 lb 30

18 1-2/3 9 24 44

31 1-3/ I1 34 67 I

'An ordinary tun.xpte•n bilbt, rated at 40 watts %,as a candikeower of about
32, and a 100- x..t ziuigaten bulb his a candl4,power of about 100; % 1000-
watt znercurN-x:vnoo lnrrup his an output of r,,000 lumens-or a candle-
p->'.er of 5.,0,.i" 4t00 cat0 udles.

CONFIDENTIAL
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THE SPECTRUM

Factors which limit the range in one wavelength region can often be~neglected in other
regions; therefore-an exAmination Of the spectrum wvill be made, starting at the shorter
wavelengths in the ultraviolet.

Different, portions sf the spectrum are lsually assigned names as a matter of conven-
ience. One classification is the fellowk.ý". far, ultraviolct tbclow 2000A, middle ultraviolet
from 2000A to 3000A, near ultraviolet frown 3000A to 4006A, and visible~rigton from 4000A
to 7000A.

Far Utraviolet

Orly , brief discusslo-ids needed to dipense with the far ultraviolet regon. The air
is so cpique at these wave nygths, even over apath length of a iew meters, that commuini-
cation is unlikely. -Only in;the upper afiroslphere, where the absorption byv0zone and other
gases is small, would usA ot-these wavelengths be prac-ical. For-exapiple, up to a height
of 12 km the radiation fi-orn4he sun at wavelengths-below 2900A Is negligible because of the
absorption by atmospherlc gases. This is illui trated by Fig. 2, which shows the spectrMt

absorption coefficientof tkj ý'en to be -100 crif"' b,'ae e at 1300A =nd 4 cm-1 -base e at 1800A.
At the peak value, where theiubsorption coefficient IS,480 cmnr'" radiation in passing through
1-cm of oxygen is reduced tol.7' 10-12 of its original value.

Other gases also al-soi b strongly in the far ultraviolet. Nitrogen has weakbands at
109O0A to 1450A arid strong absorption from 800A-to 1004A. Water vapor has airabsorption
continuum from 1435A to 1860A.

The data-for Fig. 2 were obtained (4) by measuring the transmissions ot,.very pure
saihij es of oxygen and ozone at-STP. Wherrthese grapl'.:io Fig, 2are used, it is necessaiv
",to determine the total amount of gas-present over thVLpath length.

The atmosphere If. approxitmately 21 percent oxygen; therefore the attenuation coeff,-
cdent for oxygen is obtaihed by takog,0.21 o- the value obtained from-the graph and multi-
plying by.the path length in the same units for which the cosiaant is given.

Since the amount of dzone-in the atmosphere -s variable, the total amount in a horizon-
tal path Is not so easily determined. This.-s discussed in more detail in following
paragraphs.

Middle and Near Ultravlolet

The middle and neap ultraviol!t reglons.,hat !: -•uvefbngths lying rnghly between
20COA and 4000A, willbe examined nex.t.

Absorption by Ozone - A plot of-the :,bsorplion coefficients for them ost tbsurbing gases
has beeni prepar-4-rom•data in the Ha.,obook of Geophysics (4) and ip shown in Fig. 2. It
will be no'ed that the peak abworpton due to ozone occrs at 2533A.and has a value of-about
325 nm-1 in order to de- ermine the attenuation coefficient per ),m o'er a horizontal path
it is necessary-to know the amwunt of ozone in the atmosphere .t the s•mfare of the earth,.
The amount ts variable, ranging from 0 to 0.02 parts per wmlion (ppm) in the winter and
from 0 t 0 07 ppm in thusummer (5). Dobson (6) has coltected d,-a from many parts of

CONFIDE•TIAL
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i0- -14 on the amount of ozone at various altitudes and climatic conditions. It has been
iifned that the greatest annual variations occur at high latitudes and that in general

,uAl'iount of ozone varies inversely with preisure, temperature, and density of the air.

Absorption by Oxygen - Oxygun, a strong absorber in the far uitrabiolet has relatively
weaik absorition bands in the middle ultraviolet. These are the Herzberg bands froom 2400A
to 2600A as shown in Fig. 2.

Absorption by Other Gases2 - Nitrogen transmits freely from 1450A to the visible.
CarLbontoxjde absorbs weakly in thle region 2000A to 3000A., Sulfur dioxide absorbs
strongly from'270'0A to 3160A, but there is usually very llttl• SOý present. Nearly all the
rest of ticatmospheric gases occur in fixed amounts and have neglibible absorption in the
region 2000A to 3200A.

Experinicatal Data on Horizontal Attenuation

All of the factors pertaining to atmospheric attenuation discussed so far have been of
a relatively constant nature, permittitig the attenuation coefficient to be calculated for any
given wavelength. This Is not strictly true where ozone absorption Is involved; however,
the maximum attenuation can be determined fronm the maxinmum.ameunt of ozone- prca.nt
ofI0.07 ppm.

Dunkelmian, Stewart, et al; have measured the horizontal attenuation of ultraviolet and
visible light by the tower atmosphere at night il city, desert, and sea atmospheres undir
conditions ranging from fog to exceptionally clear-ahr. Their results indicate that when
visibility is poor the attenuation coefficient may he 100 times the vahiu for pure air.

,Figure 3 roughly sumnmaelzes the data from Dunkelma,'s (7) report in that It shows the
DI•a•ItU! at11d G.Inin!ul !"uero[ attenuattluo, obtained during these measurements. Tile flat
por"on of the curve between 3000A and 4500A, due to scattering by fog, would probably have
exte ided through the whole spectrum hlmd data been taken at all wavelengths.

Fog particles are reported by meteorologists to have radii of about 10j, to 100j'. Since
their diameters are always larger than-any wavelength In the region 2000A to 7000A, It Is
unlikely that any particular wavelength oi color of light will penArate fog better than any
other wavelength or color.

OPTICAL MATERIALS AND FILTERS FOR
TilE ULTRAVIOLET

Optical materials are ush-ally categorized according to their index of refraction, trars-
inittance, and absorl;-ance or density. Transmittance Is usually expressed In percentage,
not corrected for surface reflection, Thai is, if a plate has a transmittance of 90 percent
and 4 percent reflection from the front and rear surfaces, the total energy transmitted is
82 percent. Transmittance is defined as the ratio of the radiant power ti ansmltted by a
sample to the radiant power incident when the Incident beam consists of p.arallel radiation
normal to the surface of the sample. Density (amsorbance) js the logarithm to the base 10
of the reciprocal (f the traosmittance.

CONFIDENTIAL
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The transmission of a sample varies with Its thickness in accordance with the equation

I o 2t (6)

fypes of Filters

Filters can be classified according to their construction or mode of operation. The
most common types Include solution filters, colored glasses, gelatin stained with dyes, and
!nte'frcrcnre filters. Other types are the selective reflection filter, scattering filter, polari-
zation filter, and refraction filter. Characteristics of the filters are transmittance, reflec-
tion, sharpness of cutoff, bandwidth, leakage outside the passband, and possibly angular field
of view.

Glasses

The ability of glass to transmit ultraviolet is determined largely by Its Iron content.
Anauunts as small as 0.01 percent occurring as impurities affect the transmission of the
glass.

Ordinary window glass 1 mm thick Is practically opaque to wavelengths shorter than
3000A (8) Table 3 give,, the value of the absorption coefficient of window glass for several
vavelmittlhs. Using these values of , the curves of Fig. 4 were drawn for two thicknesses
of wt dow glass.

Pyrex (the trade name for a borosilicate glass made by Corning Glass Co.) is heat and
chemical resitant and has much better transmission properties titan ordinary window glass.

CONFIDFNTIAL
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Table 3
Absorption Coefficient of Window-Glass

(A;gstroms) (car 1)

5i200 5.0

3400 1." 9

3000 0.45

950

~40

1".1 4020 2000 3000 3200 3400 3600 3800
WAVELCNC*TH (ANGSTROMS)

Fig~. 4I - rrmIn.nhibbion of various types and
thickness of materials

Referring to Fig. 4, it is~seeo that Pyrex glass No. 774 transmits at mrfli shorter wave-
lengths than window glass, dropping to 30-percent trantamission at~about 3000A.

Other Pyrex typoe glasses suitable for ultraviolet transmission are Corex D, Pyrcx
No. 9741, and Vycor No. 791. Corex D Is useful for bulbs on sunlamps as it transmits the
erythema or sunt tanning wavelengths which are most effective at about 2967A while cutting
out the less desirable germicidal mercurcy lint! at 2537A. The most effective wavecjClgtlx1
for germicidal effectiveness is 2600A, dropping to very little bactericidal action at 3200A.

The Vycor gla~ssos approach silica fin their pi operties but can be fabricated at lower
temperatures than quartz. A curve for I-mm-thick Vycor No. 791 is shown In Fig. 4.

Quazt Z

Quartz, both fused and crystal, transmnits in the far ultraviolet region. However, ab
can be s~en fromt Fig. 4. crystalline quartz haj; lxi~lger transmission thani fused quartz.

CONFIDENTIAL
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Ciystals

The halides which transmit well in the infrared region also transmit well in the ultra-
violei. Calcite (CaCO 3 ), fluorite (CaF 2 ), and rock salt (NaCI) are often used in optical
instruments for ultraviolet. A thickness of several centimeters of fluorite, (or example,
has 50-percent transmission at 1860A. The absorption coefficients for w .agiiis from
1860A to 2800A are given in Table 4 as listed by Koller (8).

Table 4
Absorption Coefficients for Calcite, Fluorite,

and Rock Salt

Wave1ength Absorption Thickness for
Substance ( 'Angstoms Coefficient 50%oTransmissfoli

(Angstrms) m ) (cm)

Fluorite 1860 0.22 3.15

Calcite 2150 3.36 0.21

2300 1.25 0.56

2400 0.58 1.20

2500 0.40 1.73

2600 0.29 2.39

2700 0.20 3.46

2800 0.16 4.33

Rock Salt 1860 0.36 1.93

"210 0.26 2.67

2310 0.15 4.62

2800 0.046 15.1

Glass Filters

A large number ,4 ,lass filters are commercitlly available with transmissions of 30
to 90 percent in portions of the ultra% iolet rgion. Many of these also have some trans-
mission in the visible and infrared regions. Tile transmnissiorn of a number of colored
glajs-,es nanufactored by ste tral companies is listed in t0e lHandblok of Chemistry and
Fhy•ics (9).

The tLiastitzission of several ultraviolet transmitting glaso fi!ters manufactured by
Ckorning Glass Works is shown it Fig. 5. The only one having no transmission in the visible

CONFIDENTIAL
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Is !7-37. Its transmission in thie~'l.travioiet lies between 3200A and 3900A. A filter used
frequently for ultraviolet work ihsAthe 7-54, which transmnits from about 2300A to 4200A,
Houcwvcr, it will be noted that It also transmits in the visible region. The dashed portions
of the-curves indicate that there is no control of the transmission in these regions. Number
7-54 is not resistant to heat shock, however, and is affected sonie by atmospheric conditions.

Transmission of W'.dter

.Although water alone might not be used as ani ultrav~olet filter, it could be used as a
vehicle for other materials. Therefore its transmissioa~ is considered in this section.

Ilullhurt (10-12) found that the absorption coefficients for extremely pure water were
more than 10 times those calculated due to scattering. Figure 6 shows the absorption
coefficients for pure water lin the region 2000A to 7000A.

Fig. 6 -Ultraviolet absorption

The transparency of pure water in the n~ear ultraviolet region is shown~ by Fig. 7, which
ir a I-'-t of the transmission of 10 cmn and ICO ,in of water ising the ai'-orption coefficients
of liviburt.

CONFIDENTIAL
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Fig. 7Tr~nsmissiovn of pure water'

Plastics

Trhe spectral transmission uf several comninii plastics is sho~~'ii in Fig. 0. These are
all of different thicknesses, and tihs should be taken into account when comparing their
transmittance. For example, compare the k.,ticulated transmission of~a 0.003-inch t hickness

of Saran (vinylidene chloride) wvith the measu.red transmission of a 0.,003-inech thicknebs t)f
lpolyethielenoC at 2500A. From Fig. 8 the transmission of a 0.0005-inch-thick sample of Saran
is 80 percent. From Eq. (6) tilc transmisqsion, of-, aA.M03-inch thicknetof Sarai. i6 found
to be 441.5 percent, which is very close to the measured value of 46 pereeit shown in Fig.
8 for polyethelenle.

Chemical Solutions

Thle absorption of various chemical substances can-be found by refereace to thle Inter-
n tional critical Tables (13).

Kasha (14l) fou.-.d that a 5.cm optical path of anl aqueous solution containing 240 gramis
per liter of NiSO4 61120 and 45 gramus per--liter of CoSO4 71120 would transmit 50 peicent of-
the inciftn't radiation between 2400A and 3200A, as shown by curve A in Fig. 9. Not shown
is a humip of 1.5 percent peaked at 5700A. Potassium chromate (curve 13) has a good trans-
mission in.,xir.nuni at 3130A, thle wavelength of a strong group of mercury lines.

(Aiplric sulfate is useful for remioving the infrared in conjunction with filters which
separate the ultraviolet and visible. Its transmission is shown by curve A in Fig. 10. In
this same figure, curve B shows thie combination of a Corning 7-54 filter with a cupric
sulfate cell for removing the infrared and visible.

Cat~on-X (2,7-diiinetisyl-3.6-diaz)c-yclohtept,- -1,6-dienie perchlorate) in polyvinyl alcohol
films is used to kliminate lung-wavelengthi response. Thle absorbance of films of polyvinyl
alcohol Incorporating, cation-X are reproduced in Fig. 11 from Ref. (15).

Miscellaneous Filters

Mci~ride aind Olsen (15) haP bummarized the present state of the art in optical materials
and hate Included a good list ol references on this subject. They have a very good summlary
oin the prepairattio (if chemical filters such as nickel sulfate hexahlydrate crystals and onl
alkali metals.
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Fig. 10 - Tranpriissior of (A) cupric sulfate and (B)).cupric
stfate pl'4s glass filter 7-54
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Fig. I - Absorbance of films of polyvinyl alcohol
inmorporating cation-X

The IGI filter was developed,)y White (16) to exclude all visible light from a gallium
arc lamp. This filter consists of a sanawich of nickel sulfate sorbital complex between a
plate of polished fused silica and a plate of Corex-9863. A thickness of 3.5 mm of the com-
plex and 3.5 mnl of the Corex has a transmission of 65 to 74 percent in the region 2800A
to 3000A, where the gallium Ine2 are strong. The nickel sorbital complex was developed
to obtain a solid filter with the characteristics of nickel sulfate in water.

Interference Filters

Interference filters may either transmit or reflect light over a narrow spectral range.
A transmission filter co.,sis's of two highly reflecting semitr'snsparent metal films sepa-
rated b, a spacer. The .cparation of the films, (which is half a wavelength or a multiple
thereof) determines the wavelength of the passband. A first-order filter ha,.. a separation
of hadf a wavelength and a bandwidth, between wavelengths where the transmission is half
Ih( maximum, of less than 200A-(17). A second-order filter has a bandwidth of less than
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100A. Transmission values at- the !)oak vary froxni k to 50:-perccnt. Interference filters
arc avallable-hi~ough the-~reglon fro'm 2400A io 1,.2.0 'A. They narq~o avallnble~vvftlrfhe-
tiranshilsslon at the~undesif~d ordee-iiloced out.

Figure 12]from Ret. '17?, shows Ihe-responseuof a fyflical,,first-order filte? designed fox-
T aXmniini~trar~nilasi~on at 6490A. "fie manufacturing iolhrancels, ±iOA-,ui~l 01,14half-Ifidth,
a-iiafimjjuix of 200A. Figure IS, irk m~ Reh.7 lt-ectrolyhotonietrflc'curiweof a typical
second-order filter for 5460A hatvitia hal-f-width of-'WA. Note th-at'theifirst.7order- filter

has 29-percen trmissiois In the A~travfolel at, 3460A and th~e second-order. filter has
tlilrd~order transndission-of 35 percent at 3780A. 'When (~~-d~rdorders aire not~blocked
out, these filters can, -of cours(e, bil used as narrow-band'flthpr,.-a-t aiy~of the orders which
are transmitted.

0O - 40-

IX-_2 20 -

3000 4000 5000 £000 ZOC,) '80000 300, 4000 5000 6000 7000 8000
WAVELCJ01I (ANGSTRlOMS) WAVCLCNGIH- (ANG$TROMS)

kig. U. Trantimml-391on of vfirstý Fig. 13 -Transinitiion of-a second-
orde r ttnterfcrrace -filtrr order Interfe rence. filter

When the angle of lnel~tence of the radiation A. not normal to the filter the passband
shifts to shorter Wavelengths. Also (be passband-becomes a doublet with increasing sepi,-

alion as ithe angle of loeldene is Increased. A fi- U~-order filter Peaked at 6500A will have
doublets at about G050A and 6250A when-the angle if incidec-no becomes 30 degrees. A
serond-ordler filter might, for-example, have cloul~lts whcich are shifted from a1 single peak
at 6500A for an Incidevt angle of 30 degrees, to 5l OX-and 5450A at 60 dlegrees.

DETrECTORS FOR rilE ULTRAVIOLET

Detectors for the ultraviolet Include iliar nitcot, i.ý , photocells, ionization chambers,
chemical reactloriv, and photog~raphic pilates,

Photographic Films and Plates

Photographic processes are most useful when It vi~desired to-ccurd the spectral
characte-lsticf. ef : Garc; or -,,lood and a sult.bie spiciromotcr is avatiltblu.

Photographic techniques might be used during tN &'elOopinent of a- communicat ions
t~ysteni, but It fs atot likely that they will be aised hi Us' fti' - system dliscussed in tikds report.
Ther.-fore, no further discussion is necessary. Refer 'rct, 48 contaias-lnformatlorn on tha
characteristics tof ultraviolet sensitive filmns.
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Therniocoupics

Thiermoco~uples and bolorneters are useful for makzing absolute mieasuremlenits over .1
wide railge of wavelengths. Thezreceivhig~ element of a thermocouple, thermopile, or
boionleter 'can bt. blackened so thai it wiiilhavc unziform response over any desired region.

The response ti me of a wide- Ppect call-ringe thermocouple is in some casei. :,s i.gas
a second oz'-nicre. The sensitivity is aiso pour compazved t6 many othii~r types of detectors
such ats phototubes. Havens (19-predicted that the ultimate sensitivity or minimum detect-
aible power of a therniocouple.or, fr "meter is about A,, 3 .10-12 Al 2 -1 watts,-where
A is the area-In nmm2 ýijd-'is-tihe time constant in seconds. This sensitivity Is apprnached
within a factor of 2 to 3 In praclik e-witli some thermial devices designled for specific
applications.

When compared with the sensitvity-of a multiplier lphototube of 10-1 watts (20,211),thie
best thermoupiles are about 10,6~0 times tess scnisltlve avid have a much longer response
timle.

Phototubes

Pilototubes and multir iier phototubes operate at wavelengths of a few hundred angstroms
up through thle near finfra,'ed depending onl tile type of winldow material and tile catihode
material. A teclllliquo, -inalogous to overcoating of photographic plates, canl be used where-
by tile incomling radiation causes the receiver to fluoresce, emittinlg lighlt to which thle
iliotot'.lbe Is sensitive.

-1 ie efficiencoy oi dectectors canl be given in terms of the quanitumi efficiency, that Is, tile
nlumb~er of electrons ýgelneratcd" or enmitted by a detector jper phloton (Imlpingling onl It. Figure
14 shIows tile quanitunm efficiencies for a number of pihotosenlsitive cathodes (reproduced
from a chlart by International Telephlone and Telegraph Co., Fort Waynle, Indiana). Tile
sipee'ral response of tile surfaces Is also shown ill units of amperes iper wvall.

All idea of* tile sensitivity of a phloto detector canl be gained by first assumning that eachl
quantunm relenses 011e Ecectl'ol. Ill this case

ampees I~c ~(7)

whlere e s tile electronic charge, 1.602 -10-19 coulom~b, ', is the wavelen~gth ill anlgstroms,
1, Is Planck's constant, 6.625 , 0-2' erg see, and v is tile velocity of liglit, 2,99 -1018
allgstrolnis/sec. Before tile phlotoelectric effect call take p~lace, tile photon01 m~ust imlpart
enlougih enlergy to tile electronl to overcomle tile work functior of tile phloto surface, rThe
resultinlg qu.alltulll yieldis are tile order of I to 12 p~ercenlt fo,- tile commonl surfaces, as
shown on Fig. 14.

The advantage of multiplier pilototulles over' diodP , aototubes is m~ainly tile reduction
of 110150 obtainable withl a mlultiplier type compliared 'to that of a lplototube and all amplifier.
"'ie0 cu~rrenlt amlplification of tubes withl nineO alnd tell dynodit Flager. Is fromn about 10 to
2 - 0",.

Tile m'uivalent no0ise Input of a phll'c ~'e 'Ics tile illeidellt flux whichl whenl modulated ill
a stated mallnpr produces all rms outpuv current equal to tile rms 110150 current withlin a
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Theifignit-r~ec. e'ped bynwdh For afac, utplehtore ohic 100 bycolng th5esptuse withd liqui

use ving detmeasurIemenht (ihAe o 2810"K d tec gtaben siga ourc) ah equlipaliert nise about
IS8 .10-16 watts. wT ~ hl ~ii boto know the manuldexect ofithe o utput is0.al0for a at geamnt
the radat esiiiot. ofernto he data nheet for0A tnds tube one8 fins tlihatwthy more sestvolt distrib

uted equally .100 ,olts e~tch) between thle cathode and flist dynode, between each succeeding
dynod? sta,-~, aild L~wten Ei te dynode and anode, the se~nsitivity to radiation at 390A Is
6 1,8C0.. a.vap/' Watt.
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This figure can-aiso be.deterninfed appr ximateiy~by ir J:ryi',tfie~cathode sensitivity
by the current amplitcation. -For the IP28-the cathocte s~s~i sO5.m/.aand
the gain is 1.25 x106; hience the Sensitivity is"0.65 K.2'O -,32,-0 -,-,O~amup /,,.att.

The sen~sitivity of-a~type 935 vacuum phototube, which z'so it ai,,S-5 6,spqoa~c, isgiven
as Qi.03,amlihwait with 290 volts on the ai~dde. Thý.s it can~he~saxmnlhat 1,he mr.'ipli r
tube, besid~s'pr-ovlding a lairge output, signal Yftli a low noise 16,' 1s, tis,-niorCefWicijlt,
coupling between thev~cathode and dinode than does the di&de~to It's. 'naut:,load i~eS.st&i hy
a factor of 0.0,5/0.643.

For absolute measurements each-,iube would have to be indivlduafl.% e-.A~r ed since
all the values quoted are, merely typical of, a particular type of tube. wiii'~ bc~to Fig.
14, the S-4, S-S -S-9, S-li, S-i0, S-19, and S-21 cathodes are cesfum-antifii- Ajbut th!L
finished tubes vary in the manner In which the cathode Is processed, whethxciJr4--opaqijuq
or seirnllranspaient and the type of envelope material, 4,hereby resulting in the dk'tOrent'fypes
of-responses.'

"Solar Blind" Receiverg

rFull advantage can not be-tak 'no of the high sensitivity of multiplier phototubes when] they
are used In daylight, sin.ce thcy are easily saturated by the amblent'llght. T116 has~led to
the development of "solar'blind" cells for use in the ulibaviolot regio~n.

For use in the middle ultraviolet the most promising photocathodes are cesium tellurioe
and rub~ilum tellurido. The-curve' inarl&od UV in Mig. 14 has this typik of cathode. The Ion,"-
wavelength cutoff of iaese 'solar blinds" is not sharp enough to completely olimlnate their
response to~sunlight-at ground levels as~evldenced by measurements-of Dunkelman, H~ennes,
and Fowler (22). They found that the radiation at 2537A nouassary to give the-same signals
as full sunlight varied from 0,-7 ? f0- to 1.7? 10-5 watts/ cm12 for thi'ee diode phototubes
and ne mu~ltili~ler phototube, all-with Cs-Te cathodes.

Photon Countert and Iwi Chambers

Photon counters and Ion chambers are simple and c )nipact and have great senisitivity
They call be desi Tned for op~eration at almost any wavelength. Tile properties of these two
types of detectoirb are reviewed by Friedman (23) and in tie literature. Since this report
does not cover tiit- far ultraviolet, these detectors will not. be elaborated on here.

Chemical Detect ion

Two chemical 'meU-ods of detecting ultraviolet radlatioiv have been compared with results
obtained with phlotoelectric nmethods (fi) with good results. Chemical miethods aire more
,appliicable , 0 experimental work and will ni~t be discussed bere.

SOURCES' OF RADIATION

Because of the difficulty of~generatinz high power moi.-)hromaut-~ radiation in 'he ultra-
viniet region the so-irces discursed irthis sectlkn Include those having' considerable output
In the visible and Infrared regions.
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